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摘  要 
进入 21 世纪以来，对半导体纳米材料性能的研究一直都是人们关注的热点。

















隙的转变以及 W 结构向 H 结构的相变，且电子带隙转变是先于结构相变的发生。
所研究的所有 ZnO 纳米线在 W 结构下为直接带隙半导体，而在 H 结构下则为间
接带隙半导体。对于 ZnO 纳米管，轴向加载可以使 A 形和 Z 形纳米管之间经过一
个局域稳定态 H 形结构来发生相转变。三种结构类型的 ZnO 纳米管均为半导体，


















子性质。在表面氢化的原子薄片里，当薄片中的 Zn、O 原子全部被 H 原子钝化后，
薄片呈现出间接带隙半导体的特征；当仅仅 O 原子被氢化时，体系则呈现出类金
属的性质，且以上二者都没有表现出磁性。相反地，当仅仅 Zn 原子被氢化时，体
系则可以表现出铁磁性来，且每一个原胞带有 1.0 μB 的磁矩。此外，我们还从吸附
能的角度对体系的结构稳定性进行了研究，并提出分别使用 H 和-NH2 官能团进行


























    In the 21st century, semiconductor nanomaterials have continuously attracted a 
great deal of interest. Zinc Oxide (ZnO), an oxide semiconductor of group II-VI, has 
great potential applications in the electronic and optoelectronic devices because of its 
wide band gap (3.37eV), large exciton binding energy (60meV), and its unique 
photoelectric, piezoelectric, and thermoelectric properties. In the recent years, ZnO 
nanostructures have also attracted much attention due to their different properties 
relative to the bulk material as well as their variety structural morphologies and special 
properties. On the other hand, graphene-based systems have always been the focus in 
the research field of nanomaterials. In this dissertation, we conduct first-principles 
calculations based on the density functional theory to investigate the physical properties 
of ZnO nanostructures and bilayer graphene. 
In the part I, we investigate systematically the structural stabilities, magnetism and 
electronic properties of ZnO nanostructures, such as nanoclusters, nanowires, nanotubes, 
and nanosheets. Besides, the effects of the external strain on the structural and 
electronic properties of nanowires and nanotubes are also studied. The main results are 
as follows: (i) For zero-dimensional nanoclusters, we have explored the magnetic 
properties of ZnO nanoclusters with different edges and sizes. All monolayer 
nanoclusters with O edges exhibit magnetic properties, showing ferromagnetism for the 
smaller sized clusters and ferrimagnetism for the larger ones. For multilayer 
nanoclusters, the odd-layer ones could also display ferromagnetic properties. No 
magnetism, however, is shown for the even-layer clusters. (ii) For the one-dimensional 
nanostructures, we have investigated the structural stabilities and electronic band 
structures of ZnO nanowires and nanotubes under uniaxial strain. We show that the 
strain can significantly change their structures as well as the electronic properties. For 
the ZnO nanowires, the uniaxial strain can lead to direct-to-indirect band gap transition 















the phase transformation. All the nanowires exhibit semiconducting behaviors with 
direct band gap in the W phase and indirect band gap in the H phase. For the ZnO 
nanotubes, A- and Z-type nanotubes can be transformed each other via a local stable 
state of H-type under the uniaxial loading. Both the A-type and Z-type nanotubes 
exhibit direct band gap, while the H-type display indirect band gap. The origins of the 
strain-tunable band gaps of ZnO nanowires and nanotubes are discussed based on the 
analysis of electronic states. (iii) For the two-dimensional nanosheets, we have 
investigated the surface modifications effects on the structural stabilities and electronic 
properties. The ZnO nanosheets after surface passivations exhibit special electronic 
properties. The sheet with hydrogenation on both O and Zn atoms exhibits indirect band 
gap. However, metallicity can be found in the sheet with hydrogenation on only O 
atoms. When only Zn atoms are hydrogenated, the sheet becomes ferromagnetic 
semiconductor with total magnetic moment of 1.0 µB/unit cell. Besides, based on the 
results of adsorption energies, a possible approach is proposed to realize the metallic 
and magnetic properties of ZnO nanosheets experimentally through surface 
modifications by H atoms or -NH2 functional groups.  
In the part II, we turn to the investigation of structural and electronic properties of 
bilayer graphene subjected to surface hydrogenation and biaxial strain. The results show 
that the bilayer graphene after surface hydrogenation is very stable with sp3 
hybridization for each C atom and exhibits semiconducting characteristics. The biaxial 
strain can tune the band gap of such a hydrogenated system continuously. In addition, 
further compressive strain can induce the system transform from semiconductor to 
metal. The origins of the strain-tunable band gap and the transition from semiconductor 
to metal are analyzed according to the characteristics of atomic orbital contributions. 
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纳米材料科学(Nanometer Materials Science)是在 20 世纪 80 年代末，90 年代
初发展起来的前沿、交叉性的新兴学科，是研究纳米尺寸材料表现出的物理现象，
是探讨尺寸效应导致纳米材料具有与常规宏观和微观体系不同性质的学科。早在




是纳米科技中 活跃、 接近应用的重要组成部分。  
    纳米是长度单位，用 nm 来表示，1 nm 等于十亿分之一米，大约是三、四个
原子排列成直线的长度。纳米材料又称超微颗粒材料，由纳米粒子组成。纳米粒
子一般是指尺寸在 1~100 nm 间的粒子，处在原子簇和宏观物体交界的过渡区域。
广义地讲，纳米材料是指在三维空间中至少有一维处于纳米尺寸范围或者由它们
作为基本单元而构成的材料。纳米材料按照维度可划分为以下三类： 
    (1) 零维材料，是指空间三维尺度均处于纳米量级的材料，如纳米颗粒、原子
团簇等； 
    (2) 一维材料，是指空间中有两个维度处于纳米量级的材料，如纳米线、纳米
管、纳米棒、纳米带等； 








































射仪(X-ray diffraction, XRD)，能量散射 X 射线光谱仪(energy dispersive X-ray 
spectroscopy, EDS)，扫描隧道显微镜(scanning tunnel microscope, STM)，扫描电子
显微镜(scanning electron microscope, SEM)，透射电子显微镜(transmission electron 
microscope, TEM)，原子力显微镜(atomic force microscope, AFM)，电化学扫描显微
































表 1.1 纳米材料的用途。 
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1.2 ZnO 材料简介 
ZnO 属于 II-VI 族宽禁带氧化物半导体，因其具有合适的禁带宽度（室温下的
带隙为 3.37eV），较高的激子束缚能（高达 60 meV），优良的光电、压电、热电性
质等众多优点，近年来引起了国内外研究者们的广泛关注。早在 1935 年，Bunn[6]
就对 ZnO 晶体结构特征进行了初步的研究；1954 年，Mollwo 对 ZnO 块体材料的
光学性质进行了较详细的研究；1966 年，Damen 等[7]人对晶体振动性质以及拉曼
散射(Raman scattering)进行了探讨；之后，在 1970 年，Galli 和 Coker[8]采用化学汽
相输运(chemical vapor transport, CVT)方法在实验中成功地生长出 ZnO 晶体材料。 
目前，ZnO 已经在低维纳米结构的合成[9]、半导体激光器[10-12]、透明电极[13]、
太阳能电池[14]、纳米发电机[15,16]以及气敏传感器[17,18]等领域取得了突破性的进展，
使得其成为继 GaN 之后光电材料领域中又一大研究热点。与 GaN 材料相比（表
1.2），ZnO 不但拥有与其相同的晶体结构、晶格参数、带隙以及几乎一样的光电性
能，而且，ZnO 还具有比 GaN 更优越的特性：(1) 在室温下具有高达 60 meV 的激
子结合能，远远大于 GaN 的激子结合能 28 meV，从而确保 ZnO 材料中的激子在
室温下不被电离，表现出显著的激子效应；(2) ZnO 材料的生长温度比 GaN 材料的
要低几百度，大大降低了工业生产成本。另外，ZnO 材料还具有优异的压电、热
电等性能。因此，ZnO 在发光管、激光器以及紫外光探测器等方面的应用有可能
部分取代、甚至全部取代 GaN 材料。 
 













ZnO 纤锌矿 3.249 5.206 1.89 1970 3.3 60 
GaN 纤锌矿 3.186 5.178 2.24 1700 3.4 28 
 
1.2.1 ZnO 晶体结构和表面 
    在自然条件下，ZnO 块体材料具有三种晶体结构（图 1.1）：岩盐结构 (rocksalt, 
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